Abstract. The radial dispersion of red blood cells (RBCs) near the vessel wall can significantly affect the transport dynamics in small vessels. The radial dispersion of RBCs is mainly caused by collisions between RBCs and this can be enhanced by aggregation. The objective of this study is to numerically investigate on the effect of RBC deformability on the radial motion of individual RBCs in a range of flow rates. Immersed Boundary -Lattice Boltzmann Method was utilized to study the radial motion of RBCs in a two-dimensional flow domain. The RBC flow simulations were performed at 40% hematocrit in a microvessel with diameter of 25 m and length of 100 m. The dispersion of less deformable RBCs was notably greater than that of normal RBCs at all flow rates and this effect seemed to be more pronounced when the flow rate was increased. The cell dispersion was higher near the vessel wall than the flow center regardless of flow rate and RBCs deformability. Thus, the dispersion of RBCs could be enhanced with flow rate and RBC rigidity. Our findings would be especially useful in investigating blood flows in arterioles and venules.
Introduction
In microcirculatory vessels, due to the comparable length scale between red blood cells (RBCs) and the vessel diameter, the two-phase nature of blood flow is apparent in the local hemodynamics. One of key observations from the two-phase blood flow is that the distribution of RBCs in the flow is non-uniform. Previous studies [17, 28] have reported that the RBC concentration is almost constant in the core of the blood flow, but decreases to zero linearly near the vessel wall.
The dynamic characteristics of the RBC flow in microvessels can be expressed in terms of rheological parameters such as relative apparent viscosity, thickness of a plasma layer formed near the vessel wall, and velocity profile along the radial direction. These parameters can be related to microcirculation features such as flow resistance, wall shear stress and the transport of gases between the flow stream and the surrounding tissue. However, the flow dynamics of individual RBCs cannot be fully explained by the rheological parameters. Therefore, the information on dynamic motions of individual RBCs is needed to better understand hemodynamics in the microcirculation. The migration of RBCs towards the flow center is due mainly to their deformability and the shear stress gradient in the flow field. However, in the case of high hematocrit flows, such dynamic motions of RBCs become more complicated due to interactions between the cells and thus the cell trajectory may fluctuate in the radial direction.
Previous experimental studies [6, 11, 12] examined the radial dispersion of RBCs. In those studies, a dispersion coefficient was used to quantify the radial motion of RBCs that could significantly be affected by cell-cell interactions. However, it should be noted that, due to technical limitations, such experimental studies on the individual cell dynamics were conducted only at low pseudoshear rates (PSR (mean velocity / vessel diameter) <10 s -1 ) to acquire sufficient sequential images, whereas the pseudoshear rate in arterioles is in general much higher (PSR > 25 s -1 ) even when the arterial pressure is reduced to 25 mmHg [16] . Several previous theoretical studies [7, 10, 38] have simulated RBC flows at physiological pseudoshear rates. However, the focus of their studies was mainly on prediction of rheological properties such as effective viscosity and the plasma layer thickness.
In this study, by using the immersed boundary -lattice Boltzmann method (IB-LBM), we investigated the radial motion of individual RBCs over a range of PSR (25-100 s -1 ) found in arteriolar flows [16] . The IB-LBM has been utilized to describe the single RBC dynamics [3, 14, [32] [33] [34] 37] as well as multiple RBCs dynamics in simple shear flow [2, 38] while there are also many hemodynamics simulations [1, 31] performed without using it. In the present study, multiple RBCs flows have been simulated in the two-dimensional (2-D) domain. To obtain hemorheological relevance to humans, RBC aggregation was considered in the simulation. In addition, RBC deformability effect was examined by comparing results for normal and less deformable cells.
Numerical simulation and data analysis

Lattice Boltzmann Method (LBM)
The LBM is a kinetic-based approach to simulate fluid flows. It separates a continuous fluid flow into pockets of fluid particles which can move to one of the adjacent nodes. The major variable in LBM is the density distribution f i ( x, t) which is considered as the mesoscopic density of molecules flowing in the specific directions. In this study, the two-dimensional lattice with 9 velocity components, socalled D2Q9 model, is utilized. The corresponding velocity vectors c i are shown in Fig. 1 . The discrete version of Boltzmann equation with external forces can be given by [13] : 
where t is the time step, i is the collision operator incorporating the change in f i due to the particle collisions and F i is the external force term. The collision operator is typically simplified by a singletime-relaxation approximation using the relaxation time scale τ and equilibrium distribution f eq i ( x, t) [4] :
where the equilibrium distribution f eq i ( x, t) is in forms of:
where ρ is the fluid density, u is the fluid velocity, c s is the sound speed of the model, and ω i are the weighting factors defined as ω 0 = 4/9, ω i = 1/9 for i = 1-4 and ω i = 1/36 for i = 5-8 [13] . The external force term F i can be expressed as:
where S is the external or internal force. Through the Chapman-Enskog expansion, the macroscopic continuity and momentum (Navier-Stokes) equations can be obtained from the above-defined LBM micro-dynamics:
where ν is the kinematic shear viscosity and P is the pressure (P = c 2 s ρ). The implementation of LBM mainly consists of two steps that are known as the stream step and collision step. In the stream step, the density distribution f i ( x, t) spreads into the adjacent lattices along the direction of velocity vector c i , and new fluid density and velocity are calculated from the updated density distribution. Next, in the collision step, a new equilibrium distribution f eq i ( x, t) is calculated by substituting the new fluid density and velocity into Equation (3). Finally, a new density distribution is calculated by Equation (1).
Immersed boundary method (IB)
The IB is a methodology that can be used to simulate flexible membranes in a fluid flow. The membrane-fluid interaction is accomplished by distributing membrane forces as local fluid forces and adjusting the membrane configuration according to the local flow velocity. The membrane forces consist of an elastic force generated in the membrane and an intercellular force due to membrane-membrane interaction. In IB, the membrane force F m ( x m ) on the membrane x m induced by its deformation is distributed to the nearby fluid nodes x f through an external force term S( x f ) in Equation (6):
where D( x) is a discrete delta function chosen to approximate the properties of the Dirac delta function [21, 25] . In the two-dimensional lattice system, D( x) can be given as:
where h is the lattice unit. The membrane velocity u m ( x m ) can be updated according to the local flow field:
In this formulation, there is no velocity difference between the membrane and local fluid. Thus, the general no-slip boundary condition can be satisfied and no mass transfer through the membrane can occur. Additionally, both the force distribution Equation (9) and the velocity interpolation Equation (11) should be carried out in a 4h × 4h region [9, 21, 36] .
RBC deformation and aggregation
In the present study, we utilized a theoretical model which had previously been suggested for deformation of RBC membrane [26] . In this model, the membrane of RBC is assumed to be a highly deformable two-dimensional shell with no thickness. During its deformation, the velocity across the membrane is continuous to satisfy the no-slip condition. The interfacial tension F can be described by its normal component F n and tangential component F t as follows:
where n and t are the normal and tangential vector on the RBC membrane respectively, d/dl is a derivative along the RBC membrane, T is the membrane tension which consists of the in-plane tension T t and transverse shear tension T b . The T t is obtained from the membrane's constitutive law by using the Neo-Hookean model. In this model, T t is given by:
where E S is the membrane shear elastic modulus and ε is the stretch ratio. The T b is expressed in terms of the bending moment m:
where E B is the bending modulus of cell membrane, κ(l) is the instantaneous membrane curvature, and κ 0 (l) is the position-dependent, mean curvature of the shape at rest. In the present study, the area dilation of RBC is controlled by the cell interior pressure as suggested by Secomb et al. [30] to satisfy the incompressibility of cytoplasm. The interior pressure p int is assumed to be exerted on the cell membrane, which in turn could restrict the variation of the cell area as follows: (15) where k p is a constant, A is the area of deformed RBC, and A ref is the area of undeformed RBC. A depletion-mediated RBC aggregation model which employs the Morse type potential energy function [22] was used to describe the RBC aggregation. In this model, the total interaction energy between RBCs, φ (sum of the depletion energy and the electrostatic interaction energy), is given by [19] :
where r is the surface separation, r 0 and D e are the zero force distance and surface energy respectively, and β is a scaling factor controlling the interaction decay behavior. The total interaction force from this potential is its negative derivative; F agg (r) = −∂φ/∂r.
The strength of RBC aggregation can be expressed by the magnitude of the surface energy D e . The zero force distance (r 0 = 0.49 μm) and scaling factor (β = 3.84) were used in the simulations as reported previously [37] .
Flood-fill method
The fluid inside the RBC should have a different viscosity compared to that outside the cell. Thus, an index field has been introduced to identify the relative position of a fluid node to the cell membrane [8, 21, 35, 36] . We have recently developed a new method (Flood-fill method) to consider the different viscosity of the interior fluid [14] . This method assigns an index value of 0.0 to the interior domain and 1.0 to the exterior domain to separate the two domains in the index field. A boundary domain with 4-lattice units (4 x) thickness is generated near the RBC membrane. The index values of the domain inside and outside the boundary are determined by the Heaviside function as follows [8, 21] :
where d is the shortest distance from the membrane. After determining the index field in the entire computational domain, the fluid property α can be updated using a new index field as follows:
where the subscripts, in and ex, indicate the interior and exterior fluids, respectively.
Configuration of the simulation
The RBC had a biconcave shape described by the following equations [27] :
where a = 2.13 m is the equivalent cell radius, ␣ = 1.88 is the ratio between the maximum radius of the biconcave disk in the transverse plane of symmetry and the equivalent radius, and the parameter χ ranges from -0.5π to 1.5π. The RBC membrane was discretized into 100 segments where the average size of a single segment on the RBC membrane was 0.19 m.
For the RBC membrane property, two different shear elastic moduli, 6.0 × 10 -3 and 20.0 × 10 -3 dyn cm -1 , were used to represent normal and less deformable RBCs, respectively. The respective bending moduli of the RBC membrane were assumed to be 3.6 × 10 -12 and 12.0 × 10 -12 dyn cm to satisfy the condition that the reduced ratio of bending to elastic modulus (E b = E B /a 2 E S ) should be 0.01 [27] . The surface energy D e is 1.3 × 10 -7 J m -2 for all the simulations, representing the physiological level of RBC aggregation where the RBCs would start the dissociation process at PSR ∼100 s -1 [14] .
The viscosity of cytoplasm was 6.0 cP while that of the suspending plasma was 1.2 cP [29, 37] . The density difference between cytoplasm and plasma was neglected due to the low Reynolds number (Re < 0.05) [38] . A total of 70 RBCs were used to simulate arteriolar RBCs flows in a 2-D domain (25 m × 100 m), and the corresponding tube hematocrit (H t ) was 40%. In the present study, two sets of simulations were conducted by using two different deformabilities of RBC (CASE I: Normal deformable case, CASE II: Less deformable case). Table 1 summarizes the flow (PSR) conditions by using 21.6, 43.2, and 86.4 kPa m -1 as the pressure difference between the inlet and outlet boundaries of our simulation domain. The PSR was slightly deviated from the desired values (25, 50, and 100 s -1 ) since the flow resistance would vary due to the change in RBC deformability.
Dispersion coefficient (D yy )
In the present study, the radial motion of RBCs was quantified by a dispersion coefficient. The dispersion coefficient has been utilized to quantify a convective dispersion of RBCs in previous studies [6, 11, 12] . The dispersion coefficient is defined as follows:
where (y i (t) − y i (t 0 )) 2 and T are the time averaged square radial displacement of i-th RBC and a time interval, respectively. In this study, the time interval corresponding to a longitudinal displacement of individual RBCs was used to calculate the dispersion coefficient. The longitudinal displacement of RBCs in this analysis was 250 m in total which is the averaged inter-bifurcation distance for a 25-m arteriole in the microvascular network [23] . The individual dispersion coefficients Equation (21) were used to examine the radial dynamics of individual RBCs, whereas the dispersion coefficients of RBCs were averaged to represent the bulk radial motion of RBCs as follows:
where N is the number of RBCs considered, which varied from 300 to 800 for different flow rates. Figure 2 shows the relative apparent viscosity results with respect to PSR for validation of our computational model. We compared the current results with those reported in previous simulation studies where two-dimensional simulations in a 19.5-m vessel [38] and three-dimensional simulations in a 11.5-m vessel [10] were performed. Although our results were qualitatively good agreement with previous results, there appeared to be a slight difference, which could be due to the difference in the simulation conditions. As shown in Fig. 2 , the relative apparent viscosity in the present study seemed to be slightly more affected by PSR in CASE II (less deformable) than CASE I (normal deformable). The flow rate effect could be due to the difference in shear-induced migration of RBCs towards the flow center. The shear-induced cell migration could be retarded by decreasing PSR and this effect becomes more pronounced in CASE II than CASE I. Therefore, the increase of the relative apparent viscosity by decreasing PSR can be more apparent in CASE II than CASE I. On the other hand, the difference in the relative apparent viscosity between CASE I and CASE II was negligibly small at high flow rates but it became substantial as flow rate decreased. Figure 3A shows the averaged dispersion coefficients with respect to PSR. Previous studies have reported that the convective dispersion of RBCs is mainly caused and enhanced by collisions between RBCs and the collision frequency could be influenced by the flow rate and RBC deformability [12] . Our results demonstrate the effect of PSR and RBCs deformability on the dispersion of RBCs. The dispersion coefficient for both CASE I and CASE II seemed to increase with PSR. The averaged dispersion coefficient (1.01∼1.87 × 10 -7 cm 2 /s) in the present study was within the range (order of 10 -7 ∼10 -8 cm 2 /s) reported previously [12] . Our results of the dispersion coefficients for CASE II being consistently higher than CASE I were consistent with a previous study [2] performed in a low hematocrit flow simulation. It was explained that the high dispersion coefficients for less deformable RBCs could result from an enhanced collision between RBCs due to their greater tumbling motions compared to normal RBCs. In order to test if this hypothesis also works in the high hematocrit condition used in this study, the tumbling/tank-treading motion of RBCs was analyzed using a dimensionless parameter (reduced angular velocity = ratio of the average angular velocity of individual RBCs (ω) to PSR). Figure 3B shows the tumbling tendency of RBCs for CASE I and CASE II, which was described by the reduced angular velocity (ω/PSR). Individual RBC motions could be elucidated by using two ideal conditions: pure tumbling motion (0.3 of reduced angular velocity) and pure tank-treading motion (0.0) [18] . Figure 3B revealed the preferential tumbling of RBCs in lower shear conditions and confirmed that the reduced angular velocity is increased with decreasing the RBC deformability as shown by the higher reduced angular velocity for CASE II compared to that for CASE I. Interestingly, our results did not fully support the previous hypothesis that the high dispersion of more rigid cells is due to their enhanced tumbling motions. In our study, the tumbling tendency of RBCs (magnitude of reduced angular velocity) was reduced with increasing PSR regardless of RBC deformability, which is consistent with previous results [10] . However, the dispersion coefficients increased with PSR (Fig. 3A) . Remarkably, the difference in the tumbling tendency between CASE I and CASE II decreased with increasing PSR while the difference in the dispersion coefficient increased with PSR. These results could be due likely to the circumstance where the collision between RBCs could already be fully enhanced by the high hematocrit condition (40%) regardless of tumbling motion of RBCs, which would make the enhancement effect of cell-cell collisions with more rigid RBCs insignificant.
Results and discussion
RBCs flow: Model validation
Effect of RBCs deformability on radial motion
The high dispersion of less deformable RBCs might be due in part to a greater tendency of bounceback from a collision compared to normal deformable RBCs. When two RBCs collides each other, more deformable RBCs could absorb the collision energy more by deforming their shape than less deformable RBCs, resulting in a lower dispersion coefficient for more deformable cells. Since the collision energy of each RBCs would increase with the velocity difference between the cells, the resultant bounce-back from the collision would also be enhanced with PSR, which could elucidate the increasing trends of the dispersion coefficient with PSR both in CASE I and CASE II. Figure 4 shows the probability distribution of dispersion coefficients for CASE I and CASE II under the three flow conditions (PSR∼25, 50, 100 s -1 ). The probability distributions of dispersion coefficient for all the cases showed peak values at low D yy and logarithmically decreased with increasing D yy . Thus, the distribution profiles were skewed to the left-hand side in x-axis. Interestingly, all the distributions had much wider ranges of deviation (0.1-9 × 10 -7 cm 2 /s) compared to their own averaged dispersion coefficients (1-2 × 10 -7 cm 2 /s). The wide range of deviation in probability distribution implies that the dispersion coefficient of individual RBCs at different locations might be largely deviated from the averaged dispersion coefficient even in the same flow and RBCs deformability condition. This result is consistent with those reported by previous studies [5, 6] . The low dispersion of RBCs flowing near the wall may imply that the RBCs near the wall would not change their radial position significantly. Thus, in case that diseased cells are located and flowing near the arteriolar wall, their peripheral position might influence the local oxygen diffusion from the blood stream to tissues. Table 2 summarizes the averaged dispersion coefficients near the wall and the flow center for CASE I and CASE II. At PSR∼25 s -1 , there seemed to be no significant effect of RBC deformability on D yy . However, Fig. 3 .
Transversal displacement
In the present study, we defined a transversal displacement as a distance between the initial radial position and the final radial position of RBC. Figure 6 shows the relation between the dispersion coefficient and the transversal displacement for CASE I and CASE II. The dispersion coefficient appeared to exponentially increase with the transversal displacement and the increasing rate was significantly affected by the RBCs deformability and flow rate. For the same amount of transversal distance, the trajectories of RBCs at high flow rates fluctuate more than at low flow rates and interestingly the trajectories of less deformable RBCs fluctuate more than normal deformable RBC at low flow rates. The large transversal displacement at low flow rates (Fig. 6D ) may be explained by enhanced RBCs aggregation in the core region. Figure 7 shows an example of such a large transversal displacement of RBCs for CASE I. The enhanced RBC aggregation could lead to clumping of RBCs (dark gray) as shown in Fig. 7A . The packed RBCs reduced the local flow due to the momentum exchange between RBCs, resulting in a blunted velocity profile. Moreover, the packed RBCs could form a region (light grey) where the local hematocrit is much low than elsewhere. Subsequently, as shown in Fig. 7B , cells flowing behind the packed RBCs can suddenly move from the flow center to the void near the wall. The transversal motion of RBCs induced by aggregation will enhance the momentum exchange between RBCs, hence elevating the effective viscosity. Our result may explain previous experimental findings that the effective viscosity at low flow rates (PSR 17 ∼ 24 s -1 ) [20, 24] was increased with RBCs aggregation while the thickness of CFL was increased by aggregation. Although only the physiological levels of RBCs aggregation were studied in the present study, we expect that the effective viscosity should increase further at pathological levels of RBC aggregation. A previous clinical study [15] reported that RBC aggregation might be correlated with the passage time of the cells through nailfold capillaries in diabetic patients, supporting our results in part as well.
Conclusions
In the present study, the effect of RBC deformability on the dispersion of the cells was numerically investigated at physiological flow rates (PSR 25-100 s -1 ) and hematocrit (40%). We revealed that the averaged dispersion of RBCs was strongly influenced by flow rate and RBC deformability. The dispersion coefficient for both deformability cases seemed to increase with PSR. However, the dispersion coefficients for more rigid RBCs (CASE II) were consistently higher than more deformable RBCs (CASE I).
